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ABSTRACT

This report deals with the problem of alleviating the damaging effects of
blast-induced ground shock on underground structures of the type presently
contemplated for hardened missile sites. This first year's effort has been
directed primarily toward the design and implementatLon of an exper.iLmental
program utilizing small cylinders and several types of shock-isolation devices.

The test items (rigid aluminum cylinders, 2 inches in diameter and 8 inches
long) were emplaced vertically in a bed of Ot9wna ma-d with one end at the
suxface. The ground disturbance was created by means of a small (0.02-1b) 1M
charge. Acceleration measurements were obtained at three points within the
models. The isolation devices consisted of (1) a wrapping of aE low-density
(2 lb/cu ft) flexible polyurethane foam, (2) a simulated pile foundation for
the model with an air void between the model and the sand, and (3) a simulated
pile foundation for the model with pre-expanded polystyrene beads between the
model and the sand. (As used in this report, the term "model" does not imply
taat scaling of structures was intended.)

The experimental technique was developed to the point where a satisfactory
!evel of shot-to-shot reproducibility of effects was attained. Of the iso-
lation devices tested, the polyurethane foam material proved to be the most
effective, reducing peak accelerations (relative to the unisolated mode:) by a
factor of fram 5 to 10. The stresr level in the sand is estimated to be on the
order of 1 psi. Various theoretical considerations relating to both the uniso-
lated and isolated models are discussed.
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Chapter 1

INTRODUCTION

I. 1 PROGRAM OBJECTIVES

This study, entitled "Ground Shock Isolation of Buried Structures",

has as its primary objective the establishment of techniques for alleviating

the damaging effects of blast-induced ground shock on underground structures

of the type presently contemplated for hardened military facilities. 1/ The

eventual accomplishment of this goal, it is believed, should properly involve

tests of prototype structures under field conditions. Aside from the practical

aspects of such an effort at this time, however, it seemed appropriate to

first consider the behavior of small-scale structures in soil or soil-like

media. ARF suggested in its Research Proposal to this contract that a

laboratory test program employing miniature models would bring into focus

those parameters which principally influence the shock isolation properties

of selected systems, and that subsequent tests based on these results and

employing larger, but still small-scale, mod,ls would determine the actw-".

techniques and/or mechanisms that show the most promise for prototype

application. From the results of these latter tests it is to be hoped that

realistic full-scale designs could be prepared (preferably in conjunction

with field tests).

1.2 PROGRAM SCOPE

This first year's effort has been directed primarily toward the design

and implementation of an experimental program utilizing miniature models

of silo-like structures and several so-called shock-isolation devices.

1/ This report represents the final report on ARF Project No. 8147 and
covers work performed during the period May 1958 to June 1959. ARF
personnel who contributed materially to the project include F. K. Halwax,
T. M. Kroll, R. W. Sauer, E. Sevin (Project Engineer), E. H. Scharres,
S. Shenkman, E. Vey, and R. E. Welch. Data are recorded in ARF
Logbooks No. C8847 and C8980.



In any miniature-scale-model experimentation, one is clearly

concerned with the applicability of results to the full-scale situation. In the

present instance, it is impossible to guarantee such application because of

the practical impossibility of constructing true models of either the structure

or the isolation syetem. Prototype installations involving shock-isolation

schemes are only in a conceptual stage at this time, and there is also a

general lack of similitude relationships for the generation and the intera.ction

of shock in soil media. The utility of the results obtained ,nust rest, therefore,

on the following two hypotheses:

I. Isolation techniques feasible for prototype application may-be
characterized by a few essential parameters, which, in turn, may
be effectively modeled on a miniature scale.

2. Although there exists a certain dissimilarity in free-field phenomena
between the full- and miniature-scale situations, the latter may
still serve to rate the relative effectiveness of different approaches
to isolation.

The second hypothesis is critical and most open to question. Imagine

a spring base designed to cushion the fall of a man from a jump of a certain

height. This same base would be totally inadequate if a several-tcan weight

were dropped on it from the same height. Here, then, is an obvious example

wherein the effectiveness of the isolation in an absolute sense is totally

dependent on the scale of the input. We are concerned, however, with

establishing only relative effectiveness of system types. That is, to continue

the analogy, we would assume that the relative effectiveness of various

isolation designs intended to arrest the motion of the heavier weight, could

be established by observing the relative effectiveness of model devices in

cushioning the impact of a man. A design suitable for the larger weight

would then have to be prepared in accordance with the "model" test results.

Although the validity of these hypotheses cannot be demonstrated at

this time (and, of course, they may be generally invalid), it is our view

that they are sufficiently plausible to justify the present experimental

approach.
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The following specific method of approach was formulated in accordance

with the views indicated above:

1. Review of existing information, both experimental and theoretical,
relating to ground-shock free-field phenomena, response of under-
ground structures, and attempts at shock isolation.

2. Consideration of possible approaches to isolation of prototype silo-
like structures with attempts to establish the essential parameters
of each.

3. Design of a miniature-scale laboratory test program for simulating
blast-induced ground shock in soil-like media, and construction of
several rmodels of isolation systems in accordance with the results
of item Z above.

4. Attempt at formulation of a mathematical model of the soil-isolation
interaction, so as to yield analytical results for interpreting and
guiding the experimentation.

5. On the basis of the experimental and analytical results obtained,
development of an experimental program utilizing small-scale models
of a size sufficient to reflect more faithfully proposed isolation
schemes for prototype structures.

On the basis of the literature review, together with certain practical

considerations, it was decided to use an Ottawa sand and a high-explosive-

induced (HE) ground shock for the minature-scale tests (see Chapter 3).

Great emphasis was placed on attaining reproducibility of effects at a

constant radius in the sand bed for a single shot (symmetry of field), and

at the same point in the bed on a shot-to-shot basis; for without a reasonable

degree of reproducibility, there would be little justification indeed for any

generalization of results. As discussed in Chapter 3, only a very few experi.

ments could be performed with shock-isolation models.

The study of past attempts at shock isolation was limited to the

Plumbbob 3. 5 experiment, recent theories of packaging and dynamic

cushioning, and, briefly, conventional applications of vibration absorbers

in mechanical systems., On the basis of this material, it seemed appropriate

to classify shock-isolatior4 devices as to whether they were primarily of an

energy-di ssipative type (e. g., a crushable material, the Plumbbob 3. 5

"gin bottles") or of a non-energy-dissipative type (e. g., an elastic spring

mount). Further, it appeared desirable to seek a model isolation material

that might exhibit either property depending on the nature of the shock input.

3



On the basis of the results obtained, the flexible polyurethane foam of

low density selected for this purpose acted as an efficient isolator of the

nondissipative type (see Chapter 6).

A theoretical study of the sand-model-interaction problem was

conducted on the basis of an elastic one-dimensional soil, modified so as

to incorporate certain aspects of the two-dimensional situation (see Chapter 4).

The results obtained are largely qualitative in nature but do not discredit

the assumption of elast.c action. An idealized model ot an energy-dissipa-

tive type of isolation material was then incorporated into the analysis in

order to treat the sand-isolation-model-interaction problem. The results

of this work indicate that the dissipative action could not be achieved at the

low stress levels (approximately 1 psi) present in our experimental setup.

The test results seem to bear this out and indicate a need for experimentation

at higher stress levels.

In view of the limited results obtained with the isolation material tested,

it is considered desirable to continue the laboratory experimentation prior

to the design of a larger, but still small-scale, tests. Thus, no detailed

design of such tests is proposed- -other than a continuation of the present

type of experiments on a slightly larger scale in another type of soil (using

the same type of instrumentation).

4



Chapter 2

PRELIMINARY CONSIDERATIONS

2. 1 REVIEW OF THE LITERATURE

We present in this section the results of a limited literature survey

undertaken as one of the initial activities on the program. The survey deals

with selected areas of interest to the general problem at hand and is meant

to be current but by no means exhaustive in scope. The reference material

studied is listed in the Bibliography to this report and is indicated throughout

the text by a number enclosed in parentheses.

Inasmuch as most theoretical considerations of ground-shock

propagation are based on the classical theory of linear elasticity, standard

texts on that subject and also related, more specialized works, such as those

by Ewing, Jardestsky, and Press (14) and by Kolsky (19), serve as invaluable

introductory material and general reference volumes. More detailed studies

by numerous Japanese investigators concern behavior close-in to a disturbance

and the effects on surface motion of factors such as surface curvature, sub-

surface elastic and water layers (34), and variations in disturbance sources (32).

Of more recent date are the series of studies by the Rand Corporation

regarding the earth stresses and motions produced by a surface blast.

These include, for example, the effects of an impulsive surface load (20)

and a theoretical solution for the air-induced ground shocks (27).

As indicated in a summary on soil stress waves published by the

Stanford Research Institute (37), a major problem is that of representing

the true nature of dynamic soil behavior. There is much literature available

presenting the attempts of many investigators to develop a satisfactory

non-elastic model of soil behavior. These attempts encompass many different

approaches. A brief summary follows for each of the more plausible ideas.

Anisotrophw: The most direct approach would seem to be the modification
of the soil Lehavior on a large scale to include the more obvious soil
characteristics. The work of J. L. Synge (38), then, is an attempt to
characterize the soil as a linear elastic medium but with different soil
properties in the vertical direction. The development of elastic waves
in a half-space, however, is still faced with the known, non-linear,
inelastic soil properties.

5



Visco-Elasticity and Plastic-Elasticity: References (6) and (30), which
respectively incorporate a velocity-dependent energy loss and permanent
set of the medium, attempt to modify the mathematical model of the soil.
Wave equations developed on these bases characterize some soils sufficiently,
namely, those having high moisture content or some degree of internal
cohesion but do not adequately represent more granular materials.

Granular Materials: Other investigators concentrated their efforts
primarily on granular materials. Mindlin and others (23, 16) basing
their work on the Hertzian elasticity solution for spheres in contact,
studied the mechanics of wave propagation in various bodies composed of
packed spheres. Salvadori and Weidlinger (25), in investigating a similar
medium, dealt with a material that compresses suddenly at a certain
stress level and afterward remains locked in that position, which action
gives rise to the propagation of a pseudo-shock-front in the soil.

Others: Two other approaches are also of some importance. The first
of these, the "hydrodynamic" theory (12), postulates that under impact
a solid will assume a state similar to that of a fluid and that the initial
phase of the shock wave will, therefore, be similar to the shock wave in
a fluid. This method seems applicable only to extremely high stress levels
such as are found in the immediate vicinity of a blast. The second approach,
not yet fully elaborated, depends on the development of general stress-
strain relations for "mesoscopic" (finite-dimensioned) elements of soil
and the subsequent derivation of wave equations. As explained by Pinney
(42), this method would make use of the known average properties of a
soil to good advantage.

Coincidmnt with development of the above theories of wave propagation,

a nurbe.1 of basic studies, such as that by Bernhard and Finelli (5), were

undertaken from the viewpoint of pure soil mechanics. The actual dynamic

behavior of a given soil particle, however, seems most tomplicated, and,

as yet, such studies have not been fruitful.

Field observations of ground motion, employed since the beginning of

seismology, have evolved to the current, precise techniques used in earthquake

measurement, and similar techniques have also been used for the more

relevant problem of vibrations due to blasting operations. Investigations

by Morris (24), Leet (21), and others (9) consist of empirical studies of the

effect on surface-motion amplitude of such factors as charge weight, distance

from charge, and location of maximum amplitude. Morris and Leet, in

particular, present interesting qualitative discussions of the mechanics of

blasts, describing the development of zones of rupture, slight cracking, and

elastic action.

6



More recent work in a similar vein has been undertaken by various

organizations (13, 18, 35) in connection with full-scale weapons effects

programs. Empirical analyses have been made of wave form, attenuation

with distance, and variation of peak stress and acceleration magnitudes with

size of weapon and depth in soil.

Aside from such large-scale testing operations, some work has been

done in ceveloping and employing laboratory facilities for smaller scale

testing. Two such programs are described in recent reports oy Massachusetts

Institute of Technology (44) and Armour Research Foundation (2) dealing with

the use of rapid-loading devices in studying wave propagation in soils and

the use of soil-simulating photo-elastic materials to investigate stress wave

action and as a check on various acceleration gages. Related work has also

been done by Scopek (26) in measuring sand density in place by means of

gamma radiation and by Goodier, Jahsman, and Ripperger (17) in estimating

the time variation of a given impulse on a steel block by graphical integration

of an observed surface wave. (This latter work was instrumental in the

consideration of the Rayleigh wave development given in Chapter 4.) Also

of interest, chiefly by way of encouragement, is the early work of Terada

and Tsuboi (39) in investigating the response of an agar-agar bed to a steady-

state vibration.

We are immediately concerned with the response of a structure in a

soil to an incident stress pulse. While primary interest lies in the behavior

of a shock isolating mnaterial or device, a thorough understanding of this

demands a corresponding understanding of the response of the unisolated

structure. Unfortunately, the available store of literature is weakest in

these two areas.

Some problems involving wave scattering have been solved in such

fields as fluid mechanics (4), but the physical differences between fluid and

soil-like media make these solutions inapplicable here. Of a more promising

nature are the early efforts of Sezawa (33) in his work on the scattering and

diffraction of elastic waves by such rigid inclusions as screens and cylinders

of various cross sections. His treatment covers the effect on elastic waves

of both movable and in-movable obstacles and predicts both resultant field

motions and, where applicable, the motion of the inclusion. Similar work

7



was also done by White (43), but his main interest was in such inclusions

as empty and fluid-filled cylinders.

Turning now to the isolation device itself, one finds 1.3ttle applicable

information. To be sure, much information is available concerning the

engineering treatment of vibration-isolation problems such as are commonly

encountered in designing machinery, machine foundations and structural

components. In such cases, standard materials (cork, rubber, felt, springs,

etc.) usually prove satisfactory. Experimental research (29) with such

materials has been concerned only with thejr over-all effects on vibrating

systems and has not considered the actual mechanics of their behavior.

Only two references touch on the isolation of large-scale motions such as

considered in this report; and these, only in a brief or empirical way.

Creskoff (11) makes brief mention of the use of a vertical layer of large-size

gravel about the below-ground walls of buildings as a means of reducing

earthquake damage. Although this is apparently a common practice, no

further mention of it is made in the available literature. The other source

of information is Project 3. 5 of Operation Plumbbob, (36), in which a

silo-like structure was surrounded by a layer of "gin bottles" and shear

barriers as isolating devices. Quantitative results indicated a considerable

reduction of observed accelerations, but some control data were lost and

no analysis is presented.

2.2 A BASIS FOR SMALL-SCALE EXPERIMENTATION

The desigin of a small-scale ground-shock-isolation experiment depends

to a large extent on what one means by shock isolation as applied to an entire

structure. In Section 1. 1 shock isolation was indicated to be the alleviation

of the damaging effects of ground shock on the structure. If this is accepted

as a meaningful, if rather vague definition, one must then designate the

"effects" of interest. pIossibly, this is best approached in terms of the

purpose of isolation systems.

Underground structures of the type being considered are built to

house and protect functioning components of a weapons system. As such,

the structure is adequate only if the performance of the components is

unimpaired as a result of the design inputs being applied to the structure.

8



The designer is properly concerned not rnly with assuring the integrity

of the primary structure, but also with assuring tolerable inputs to the

functioning elements of the system housed within. Shock isolation of the

primary structure may be viewed, therefore, either as a means of reducing

soil-transmitted forces on the structure (so as to Permit a more efficient

structural design), or as a means of alleviating the motions of the structure

(so as to mitigate the requirements on the design of interior equipment and

mountings). In the latter case, isolation of the structure is to be considered

part of the overall approach to shock mounting of interior equipment, since

structural integrity is presumably assured without recourse to any means

of external isolation. Y As argued in the following paragraphs, it is

preferable to think of shock isolation for the purposes of this study in the

sense of alleviating structural motions rather than in reducing soil-transmitted

forces. While this may be a somewhat arbitrary distinction that does not

constitute an essential limitation of the results obtained, it does provide

more of a rationale for the test plan.

An experiment designed to establish the effectiveness of an isolation

system for reducing soil-transmitted forces would seem to require some

measurement of these forces, either by direct or indirect means. Both

approaches present formidable difficulties. In view of the dependence

of soil-transmitted stress on the local response of the structure and of the

impracticality of true structural modeling on a small scale, direct

mnasurement of stress could have only limited meaning- -irrespective of the

serious uncertainties in instrumentation technique. The interpretation of an

indirect measurement, such as the acceleration or velocity of a point on the

structure, depends for its validity on the adequacy of the theory governing

the soil-structure-interaction problem, concerning which too little is known.

It is, of course, this very dependence of the loading on the structural response

that distinguishes the underground-structural-effects problem from the

superficially similar air-blast-effects problem, and explains in part the

great analytical difficulty encountered in the former.

Y/ Of course, there inevitably must be a trade-off between the extent to
which one shock mounts the entire structure relative to the surrounding soil
medium and the equipment relative to the structure.

9



The influence of structural parameters on the forces transmitted by

the soil to the structure can be illustrated most simply with reference to a

one-dimensional, elastic soil model. If in this case an incident stress pulse

impinges on a structure (i.e., on the soil-structure interface) that is

effectively rigid relative to the soil, the pulse is reflected in kind, and the

force on the interface becomes twice that of the incident pulse. When the

stiffness of the interface is considerably less than that of the soil, the

structure acts much as a void, and little or no force is transmitted. (Energy

input to the structure is then in the form of kinetic energy of the void-like

material.) For intermediate structural stiffnesses, the transmitted stress

pulse depends on the relative velocity of the interface.

A small-scale experimental study appears more promising when viewed

as an attempt to alleviate the motions of the primary structure. For one

thing, it is the acceleration of the primary structure which acts as a driving

force on interior components, rather than the direct forces acting on the primary

structure. This is most easily seen if the interior component is visualized

as single-degree-of-freedom system of effective mass m , whose equation

of motion is given by

m x+ R (x - y, k- j, t) = 0 . (2. i)

In Eq 2. 1, x is the coordinate defining the motion of the component, y

is the cnordinate defining the motion of the primary structure, and R is

the resistance to motion of the component which is taken to be a function of

the relative displacements x - y, relative velocity :. - j, and the time t

Letting z x - y denote the relative displacement, Eq 2. 1 may be written as

m + R (z, z, t) - -my (2.2)

The acceleration of the primary structure, y , thus is seen to represent

the disturbing force on the component, as was stated above.

Viewed in this manner, the acceleration of the model becomes a

measurement of direct interest, which is practical to obtain on miniature-

scale models. Moreover, since acceleration is a primary rmeasurement,

it is a simpler matter to rate the effectiveness of the various isolation

schemes tested than if direct force measurements were attempted.

10



The use of effectively rigid models, desirable in view of the inability to

model structurally as well as the practical aspects of mounting accelerometers,

appears somewhat more reasonable when the gross motion of the structure

is of primary interest.

It is true that if an isolation device is effective in reducing the motions

executed by the primary structure, it is also effective in attenuating the

forces transmitted by the soil to the structure. For this reason, it may not

be too important to conceive the present experimentation as being directed

necessarily toward the former rather than.the latter application. Nonetheless,

the experiments are in no way intended to represent structural models, they

do not consider the possibility of structural "failure", and soil-transmitted

forces are neither a direct nor an intended indirect measurement.

2.3 ISOLATION OF PROTOTYPE STRUCTURES

We offer some brief comment in this section as to the manner in which

one might isolate prototype structures. This discussion is quite incomplete,

since detailed considerations of this nature are clearly outside the scope of

this effort. It is our purpose to indicate that isolation can be achieved in

various ways and also to suggest an approach to model testing.

Since the present state of knowledge does not permit a precise statement

of the input function against which the structure is to be isolated, it is

convenient to suppose that the disturbance is primarily a sudden displacement

of the medium in which the structure.is embedded. This appears to be a

rough approximation to the truth, although the magnitude of the displacement

in a given situation is not well defined from available test data. Isolation,

then, is a means of preventing the structure from partaking of ;he sudden

motion of the medium in which it is embedded.

Clearly, an absolute method of isolation would be to create, and

maintain, a complete void between the structure and its surrounding medium.

This idealized situation of course can never be realized, since the weight

of the structure must be supported, the earth held back around the structure,

and the alignment of the structure maintained within the cavity. To some

extent, then, the motion of the free field will be imparted to the structure

through its vertical and horizontal support system. To be at all effective
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these supports must approximate the action of the void, so that they will be

substantially less stiff than the surrounding earth. Two general types of

isolation seem possible: (1) an energy-dissipative device, such as a

frangible or crushable material whose ultimate compressive strength is

well below that of the adjacent soil, and (2) a non-energy-dissipative

material, such as a soft elastic spring mount.

Various types of frangible materials could be employed. Against

the more severe vertical forces, suitable plastic-flow energy absorbers

could be designed. Thus, a silo could be supported on blocks of material

capable of sustaining large plastic deformations, such as soft aluminum,

copper, lead, or similar materials. The blocks could be proportioned

so that their yield stress would be only moderately greater than the static

stress necessary to support the structure. Isolation against lateral forces

could be provided by a frangible backfill of lesser unit strength. A soft

elastic suspension for the structure, assuming any of a number of guises,

should also provide good isolation. The structure could be surrounded

with materials such as flexible polyurethane foams, pneumatic springs,

or, for that matter, even a mechanical spring system could be devised.

It might even be practical to achieve a soft spring mount by essentially

floating the structure in water. Suspensions of both types could be

incorporated in the structure-within-a-structure -oncept2 i.e., in which

the function of the outer structure is simply to maintain its integrity under

shock loading.

It is the intent of this study to determine the particular properties of

an isolation material that make it most effective. There does not seem

to be much question that various approaches will prove effective to some

extent, and, there~ore, an actual design might be strongly influenced by

the necessities of construction practice. For ei-ample, this might be the

basis for selecting the frangible material over the spring suspensio3n, despite

the energy-absorbing characteristics of the former. With regard to the

tremendous energy input associated with frew-field motioni;, it may Le,

unrealistic to base the effectiveness of an isolation device solely on the energy-

dissipative character of the material.
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Chapter 3

THE EXPERIMENTAL PROGRAM

3.1 BASIS FOR EXPERIMENT DESIGN

The design of the experimental program involved four major phases.

These were (1) selection of the test medium, (2) selection of model geometry,

(3) selection of shock-generating technique, and (4) selection of instrumen-

tation. Various considerations entering into the decisions made are discussed

in the following paragraphs.

3.1. 1 Test Medium. The choice of a test medium was based on three

main considerations: namely, (1) the requirement that the shock-transmission

properties of the medium approximate as much as possible those of real soils,

(2) the desire to achieve the highest degree of reproducibility of results, and

(3) the practical aspects of achieving a sufficiently large expanse of the medium.

In view of the wide range of actual soil types that are presumed to be

of eventual interest in practical applications, the first requirement does not

provide any firm guides. However, it does suggest the use of prototype soils

rather than unproven synthetic materials. The requirement for reproducibility

of effects implies the practical ease in achieving uniformity and reproducibility

in the physical description of the medium, e. g., water content, relative density.

Synthetics are generally more desirable in this respect. The overall size of

the medium governs the time of observation during which the response of the

test models is unaffected by reflections from the sides of the soil-containing

structure. To maximize this observation time and also to enable the use of

models of a desirable size, the largest possible extent of the test medium is

required. Factors which tend to limit the size of the medium are (1) cost and

(2) practical means and facilities for generating shock strengths of interest.

On the basis of these considerations, the choice of a test medium was

reduced to that of urethane rubber or a dry non-cohesive sand. In favor of

the former was the fact that considerable experience with it had already been

gained in connection with another AFSWC-sponsored program at ARF. Also,

it appeared possible to share the use of the medium with that program.
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To construct another block of urethane rubber for the exclusive use of the

present program was ruled out as being of prohibitive cost. However, when

it appeared that scheduling and conflicting interests would minimize the

joint use of the medium, it was decided to utilize dry sand. All experiments

thus were conducted in a dry Ottawa sand, a precise description of which is

given in Appendix B.

3. 1. Z Model Geometry. At the outset of the programn it was decided

with the sponsor to concentrate our efforts on a silo-like geometry repre-

sentative of missile containment structures. Thus, the model structures

selected were right circular cylinders positioned with their axes normal

to, the surface of the medium and one end flush with the surface. In view

of the impossibility of achieving true structural models, it was decided to

make the models essentially rigid. The size of the models was held to a

minimum compatible with available instrumentation. A detailed description

of all models is given in SecI:',Y-n 3. 2. 2.

3. 1.3 Shock Generation. Three shock generation techniques were

considered: (1) small high-explosive (HE) charges, (2) the 6-ft-diameter

shock tube, and (3) mechanical devices. The: decision was made in favor

of HE charges for the following reasons:

I. Desirable facilities for conducting the experiment were immediately
available.

2. ARF possesses wide experience in designing and in preparing charges
for specialized purposes.

3. Use o' the shock tube at the time would have involved serious problems
of scheduling.

4. Mechanical devices, while undoubtedly practical, appeared to require
considerable design and fabrication effort.

3.1.4 Instrumentation. The matter of instrumentation had mostly

to do with the determination of the type of measurements to be obtained.

It was decided at the outset that no special effort would be devoted toward

obtaining free-field data. of any type because of the: particular application of

results intended. As discussed in Section 2.2, measurements of model

acceleration appeared most meaningful, especially for a rigid model.
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Therefore, it was decided to make acceleration the primary measurement.

Other measurements obtained in some of the tests consisted of (1) free-field

air pressures, (2) free-field sand pressures, (3) time of de.onation, and (4)

crater formation by means of a high-speed motion picture camera. A

complete description of the instrumentation and associated electronics is given

in Section 3. 2. 4.

3.2 DESCRIPTION OF EXPERIMENTAL SETUP

3.2.1 Test Chamber. The experimental prograr wan conducted in

the ARF Test Cell, which has facilities for the firing of small caliber

weapons and explosives and was easily adapted to our purposes. In addition

to the explosive chamber that housed the %tand bed, the cell had complete

provisions for firing, data recording, photographic development, and shop

space.

A partial sketch of the test cell is shown in Fig. 3. 1. The explosive

chamber measures approximately 16-ft by 5-ft by 6-ft in height. It is of

reinforced-concrete construction, and the one-foot-thick walls are clad

with 1/2-in. steel plating. It accommodates a sand bed 7-ft-7-in. by 4-ft-

10-in. by 3-ft-9-in. high (Fig. 3. 1). Figure 3.2 is a photograph of the sand

bed taken from within the chamber.

3.2.Z Models. The test models consisted of 2-in. diameter, thick-

wall (1/4-in.), aluminum tubing, 8-1/8 in. in length. Both ends of the tube

were capped. A sketch of a typical model is shown in Fig. 3.3, which also

indicates the positions of the accelerometer gages. The accelerometer

leads were brought out through the top cap. The weight of a model, including

caps and accelerometers, was determined to be 667 grams.

The basic.model, when placed in direct contact with the sand, is

referred to as a control model. The isolation models consisted of this tame

model wrapped with a sheet of flexible polyurethane foam. Two thicknesses

(1/4 and 1/2 in.) of a 2-lb/cu-dt foam were used. Figure 3.4 shows a control

model and the two isolation models. Figure 3.2Z shows the models in place

in the bed. The only other type of model tested consisted of a control model

with a 1-1/2-ft length of 1/Z-in. --diameter steel rod affixed to its base

(Fig. 3. 5). This model was an attempt to simulate a structure founded on
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a deep pile. It was tested once with an air void created between it and the

surrounding sand (Fig. 3. 23a) and twice with the void filled with pre-expanded

polystyrene beads (see Fig. 3.23b).

3.2.3. HE Charge. The ground disturbance for the tests was created

by detonating a charge made up of four 1/2-in. -diameter by 1/2-in. -Iong
S1/

pressed Tetryl pellets-' . Each pellet weighed 0. 00558 lb and was specially

prepared by ARF personnel. It is estimated that the variation in pellet

size did not exceed 0.001 in. in any dimension or 1 percent-by-weight.

The pellets were taped together with'a 1-in. length of 1/Z-in. -OD

steel tubing at one end to form a cylinder, 1/2 in. in diameter and 3 in. long.

The detonator was a No. 6 DuPont electric blasting cap inserted inside the

steel tube and taped securely. A photograph of the charge and detonat.:-r is

shown in Fig. 3.6.

3.2.4 Instrumentation. Instrumentation consisted of (1) accelero--

meters, (2) air pressure gage, (3) sand pressure gage, (4) detonation sensor,

and (5) Fastax high-speed camera, together with the necessary recording

equipment. The acceleration data were the sole measurements obtained

from the models. The air pressure gage was used initially to monitor the

air shock in the chamber and later to indicate the pres:ence of air shock

under the test bed cover. (see Section 3.3). The san-. pressure gage was

used to measure free-field conditions, and the detonation sensor was u'-ed

to establish a zero time for the initiation of the disturbance.

The accelerometers were Columbia Research Model 302 compression-

piezoelectric-type gages. The gage sensitivity with the cable lengths and

input circuity used was approximately 1 my per g of acceleration. The

dynamic acceleration range of the gages was 0.02 to 40, 000 g; their

natural frequency was 75 kcps. The accelerometers weighed 23 grams and

were attached to the models with a single #10-32 stud. A maximum of

three gages was used in each model, positioned as shown in Fig. 3. 3.

1/ Various size charges were tested until finally this size was decided u.pon;
see Section 3. 3.
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Air pressure measurements were obtained with a Glennite Model P-401

piezoelectric blast gage. It consists of a circular-disk sensing element

attached to a tubular support and is commonly referred to as a "lollipop"

gage.

Sand pressure was measured with a miniature crystal gage developed

by ARF. It consisted of a 1/2-in. -diameter by 1/8-in. -long crystal of

barium titanate mounted on a phenolic base.

The detonation sensor consisted simply of a loop of fine wire placed

around the charge. Fracture of the wire, which occurred when the blast

broke the surface of the bed, caused a momentary interruption of the trace

on the recorder.

A photographic record of the sand bed during detonation was obtained

for several tests using a Fastax camera operating at about 4000 fps. In

this connection, a rectangular grid work of colored sand was placed on the

surface of the bed covering the models. Figure 3.Z shows a view of the sand

bed just prior to a test with the camera in position. Still photography was

utilized liberally both before and after a test.

Dynamic recording was accomplished on three, 4-channel.-recording,

cathode-ray oscillographs using 35-mm photographic film. Provision was

made for recording an accurately known charge on the gage circuits for

calibration just prior to each test. In addition, one-millisecond timing

dots were recorded on one edge of the film. Response of the sensors and

recording equipment used was flat dc to 70 kcps + 5%.

Detonation of the HE charge was accomplished by a source of voltage

controlled by sequencing circuits. When manually triggered, the sequence

timer started the recording cameras, recorded the gage calibration signals,

applied the firing voltage to the blasting cap, recorded the time cf break of

the detonation sensor, and then recorded the analog response data of the

models. Finally, the end of each of the three film strips was imprinted

with a serial number for later correlation by the engineer with his noPtes and

logged observations. A schematic diagram of the circuitry is shown in

Fig. 3.7.
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3.3 PRELIMINARY EXPERIMENTS

The first tests were directed toward establishing the proper range of

charge size and relative position of the models. Ut to three control models

were utilized, each with a single accelerometer. Z_/ An initial 8-in. -long

cylinder of Tetryl was successively reduced in size until the Z-in. -long

charge described in Section 3.2.3 was decided upon. After various positions

of the chaige in the bed had been considered, it was finally decided to place

the charge against the back wall with the closest model 36 in. away. The

charge, which was buried with its axis normal to the surface and one end flush

with the surface, uniformly produced a semicircular crater measuring 22 in.

in diameter and 5 in. deep (Fig. 3.8); there was no visually observable

permanent motion of the sand and model at the closest model position. An

observation time of approximately 10 msec during which the model was

uninfluenced by reflections from the bottom and downstream walls of the sand

container could be obtained at the central 36-in. position. Reflections from

th6 back wall occur instantaneously and act to effectively increase the

charge weight. The presence of this wall, therefore, strongly influences

the free-field disturburance, but not the observation time at the model

locations.

Also of interest during these first tests was the nature of the accelero-

meter records obtained, both as to their individual significance and shot-to-

shot reproducibility. The results were disappointing in both respects. The

records all exhibited considerable amounts of high-frequency hash, and,

generally, the same gages did not indicate any obvious similarity of salient

features from shot-to-shot. A typical set of records is shown in Fig. 3. 9.

During these tests the surface of the sand bed was exposed to the

blast, therefore the motion of models resulted from some combination of

direct and air-induced ground shock. The models themselves were covered

with 8-in. -diameter, metal pie plates resting on the sand. It was at first

thought that the poor records were principally due to an inadequate technique

The CRL gages were not available at this time and a Gulton accelero-

meter similar in size but of considerably less sensitivity was used.
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for conditioning the bed and emplacing the models and charge. This tech-

nique was refined to a substantial degree with but little improvement; the

ringing of the gages was still predominant. 3/ It was then decided to shield

the surface of the bed from the direct air shock by constructing a suitable

baffle and cover. This shielding noticeably improved the results, as can

be seen in Fig. 3. 10 and 3. 11, which show typical records obtained in a

later series of tests. Since there appeared to be no other way in which

clean records consistently could be obtained, it was decided to conduct all

future tests with the bed covered. It was recognized, of course, that

prototype isolation scheme must be effective against both direct and air-

induced ground shock, and that with the bed-covered the latter phenomenon

would not be reproduced in the laboratory tests. As discus.sed in Section 1.2,

however, the validity of the experimental approach rests on the hypothesis

that the relative effectiveness of isolation schemes can be determined

despite such dissimilarities in shock input.

3.4 EXPERIMENTAL PROCEDURE

Before proceeding to a discussion of the primary experiments and

results obtained, it will be well to describe the experimental procedure

in some detail, as this procedure is in itself a major result of the year's

effort. The present technique is the product of all experimentation to date,

and it is to be expected that refinements will continually be made as the

work progresses. There are basically three phases to the procedure,

having to do with (1) conditioning of the sand bed, (2) emplacing the models,

and (3) emplacing the charge. A description of the general procedure and

then a step-by-step outline follows.

3.4. 1 General Procedure. The sand bed is conditioned by leveling

it and vibrating it at length in a set pattern using a standard rotating concrete

vibrator unit both before and after empiacing the models. In some instances

the models are left in pQsition from the previous test and then only the

refilled crater area is vibrated. A paper sleeve, 1-1/4 in. in diameter and

3-1/2 in. long, is inserted into the sand at the charge position, and the

sand is removed. The charge is set into the sleeve just prior to firing. The

3/ Electrical filtering was attempted and, while superficially effective,
was considered undesirable.
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models are emplaced with the aid of a length of 5-in. -diameter stove pipe

set into a template which, in turn, is affixed to rails on the walls of the

chamber so as to insure accurate positioning. The sand is removed from

the stove pipe, the model set in place, and the sand carefully replaced and

compacted; the stove pipe is then removed, and the area ............

model is vibrated without causing the model to shift position. Boards spanning

thd side rails serve as a working platform so that the surface of the bed is

not disturbed. The bed is covered after all models are in place, and the

charge is then set. After complete checkout of all electronic equipment,

the charge is detonated.

3.4.2 Specific Procedures.

Procedure for Conditioning the Bed and Emplacing Model% and Charge:

1. Roughly level sand bed with screed.

2. Vibrate bed a quarter area at a time, proceeding away from charge.
area and filling in holes left by vibration.

3. Level bed.

4. Hand finish back-wall area.

5. Insert sleeve for charge and remove sand from sleeve.

6. Set front baffle of cover in place and adjust to sand level, filling
in all spaces.

7. Set template in place against appropriate stops on side railts.

8. Insert stovepipe through appropriate hole in template to a depth
1/2 in. below bottom level of model.

9. Excavate sand from stovepipe to depth of model.

10. Place model in position, center, and orient, using guide marks to
insure that horizontal accelerometers lie along a radial line from the
charge position.

11. Fill in void area and tamp each 3-in. layer 50 times.

12. Remove stovepipe and template and hand finish around model.

13. Vibrate on two sides of model not closer than 18 iu. to model. Take
care that depression left by vibration is not in line with a model to be
subsequently placed.
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14, Repeat steps 7 through 13 for remaining models; the model furthest
from the charge is emplaced last.

15. Place auxiliary instrumentation, e.g., sand gage, air gage, Fastax
cam era.

16. Cover the entire sand bed from the baffle to the far end with 2-by-10-in.

boards spanning the side rails, and place board in front of baffle.

17. Place detonation sensor around charge sleeve.

18. Place charge into sleeve, taking care that it is centered and vertical,
and connect to firing lirne (authorized personnel only).

19. Check out all electronic equipment.

20. Fire.

With four models, this procedure involves several-days effort.

Procedure for Reconditioning Bed and Emplacing Charge with Models

Already in Place:

1. Refill crater area and remove any debris from previous shot. Do not
remove cover boards.

2. Vibrate crater area, taking care not to leave vibrator impressions in
line with any of the models.

3. Proceed as in steps 4, 5, and 17 through 20, above.

Several tests of this nature can be run in a single day.

3.5 REPRODUCIBILITY TESTS

From the outset, it was felt that the relative success of the experi-

mental procedure should properly be measured in terms of shot-to-shot

reproducibility at selected positions within the bed. Also, for a particular

shot, one desires substantial symmetry of field at various radial locations.

With this in mind, a prolonged series of tests were conducted using only

control models in various positions throughout the bed. While the primary

aim was to establish a satisfactory level of reproducibility, these tests

were also the means whereby the experimental technique described previously

was evolved.

Sixteen tests were performed in this series. The first six of these

were performed without the bed being cavered and are not reported in
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4/
detail. - Tests 7 through 16 are summarized in Table 3.1, and the records

are presented in Appendix A. The location of the models is indicated in

Figs. 3. 1Z and 3.14. 5/ In Table 3. !, the column labeled "Shot No. on Bed"

refers to the number of tests for which the models were left in position,

thus the bed was completely conditioned only for "Shot No. 1".

In tests 9 and 10, the crater was refilled by hand but not vibrated.

The results of these tests were found to be markedly dissimilar from the

previous ( and subsequent) tests and the records obtained are not repeated.

Subsequently, the crater aa'ea was vibrated for all shots. In test 14, no

crater was formed, and the recordb obtained were again dissimilar. It is

surmised that the charge was inadvertantly pulled from the sleeve prior

to firing and that a direct air blast occurred.

Inspection of Table 3. 1 and of the records themselves indicates that

the performance of the gages and recording system was quite satisfactory.

The only exception to this was the performance of the sand pressure gage,

from which no meaningful records were obtained. The gages produced a

large signal at shot time and apparently had not recovered at actual arrival

time. This behavior is attributed to electromagnetic effects and was probably

due to inadequate shielding of the gage and the connecting cables.

The degree of reproducibility attained is observed by close inspection

of the records during the first 5 msec or so after shock arrival. It is

found that the records from all gages are two typical forms, a and b, as

indicated in Fig. 3. 13. Table 3.2 lists the coordinates of the typical

-' Tests 5 and 6 were for the purpose of obtaining a photographic record of
crater formation and sand motion and did not contain any other instrumen-
tation.

5/ Each of the models is identified by a number (1 through 5) as shown in
Fig. 3. 12. This number was retained throughout the program, whether or
not the model was of the control or isolation type in any cune test. In addi-
tion to the model numbers, each position in the bed was identified by a
number (1 through 8) as shown in Fig. 3.14. This scheme was intended to
facilitate comparison of gage records for the various models which occupied
the same location in the bed on different shots. However, care must be
taken, not to confuse the model and position numbers. F'xr example,
Fig. 3. 12 and 3. 14 together indicate that Model No. . occupied Position
No. 6 on test 7 through 12, Positipn No. 2 on tests 13 through 16, and
P,.sition No. 5 on tests 17 through 19. Also, it is seen that Models No. 1,
2, and 3 each occupied Position No. 2 during certain of the tests.
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record formsJ for direct comparison of reproducibility at the same position. 6L-/

The positions, identified in Fig. 3. 14, apply to all tests. Care should be

taken not to confuse references to the position numbers of Fig. 3. 14 with

the model numbers of Fig. 3. 12 (see footnote No. 5 on p. 22).

It is seen that the upper horizontal acceleration records are primarily

of Form a, the initial peak being absent only in six out of twenty-two instances.

Similarly, the vertical acceleration records show the initia! peak of Form a

in only two out of twenty instances. The lower horizontal acceleration records

are only of Form b.

Careful study of Table 3.2 indicates the following tentative conclusions

based upon the data obtained:

1. Records from the first shot on a bed at a given position may be
significantly different from those of succeeding shots at the same
position. The differences are primarily in arrival time, although
the shape of the pulse may also differ markedly.

2. It is possible to obtain good reproducibility of effects for successive
shots after the first shot on the bed.

3. It is possible to obtain good reproducibility of effects for each fivst
shot on the bed.

4. It is possible to obtain reasonably good radial symmetry on both the
first and later shots on the bed, although arrival times may differ
in any shot.

5. The greatest differences in peak accelerations on a shot-to-shot basis
occur in the vertical accelerations.

6. The difference in arc-ival time between the upper and lower accelero-
meter would correspond to a wave front having a curvature about twice
ae great as that associated with a spherical wave centered about the
charge.

7. The average wave velocity in the sandbed based on relative time of
arrival measurements at different model locations is approximately
800 fps, with variations of several hundred fps about this value.

Y/ One control model was used in the isolation experiments, Tests 17, 18
and 19, and the data for this model also are listed in Table 3.Z.

7/ Positive g-values refer to downstream acceleration.



Reference is made to Fig. 3. 15 through 3.20 in support of these

tentative conclusions. Figures 3.15 and 3. 16 show the initial signals recorded

at Positions 1 and 2 for the first, second, and third shots on the same bed.

(The records are aligned on the basis of zero time as indicated by the detonation

sensor.) The differences between the records from the first and the later

shots are clearly evident, as is the marked similarity between the results

for Shots 2 and 3. Figures 3.17 and 3.18 compare the results obtained at the

same position for successive first shots on the bed. The similarity in most

instances is truly striking, except for the extreme differences in vertical

acceleration. Figures 3. 19 and 3.20 illustrate the extent of radial symmetry

obtained in the first and third shots on a bed.

3.6 ISOLATION TESTS

Tests 17, 18, and 19 involved isolation models. The records obtained

are summarized in Table 3.1 and are presented in Fig. 3.21 and Appendix A,

Fig. A-24 through A-31. The position of the models in the bed is shown in

Fig. 3.14 and the models themselves are described in Section 3.2.2. Figures

3.22 and 3.23 show the models in place in the bed.

Inspection of records indicates that the foam isolation material is

definitely effective in attenuating peak acceleration. The peak upper hori-

zontal acceleration from Model 1 in Test 19 is about 1. 9 g whereas the

corresponding acceleration for the control model is 10 g; the effective

period of the pulse has increased from about I msec for the control model

to almost 9 msec for the isolation model. While there are some quantitative

differences in results from the three tests, the essential reproducibility

of effects is clearly evident. The 1/2-in. thickness of foam (Model 1) appears

slightly more effective than the 1/4-in, thickness (Model 2), in the sense that

the acceleration amplitude is somewhat smaller for the former. Direct

comparison is difficult since the two models were not at the same radial location

in the bed (see Fig. 3. 14). This result would be expected, of course, at the

same location, since the thiclcr material is effectively a softer spring.

Model 3 in Test 17 consisted of a control model mounted on a steel

rod (see Section 3.2.2), which was embedded in the sand. An air void was

created between the model and the sand by using a 5-in. -diameter section
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of stove pipe as a retaining wall (Fig. 3. 23a). This setup was an attempt

to simulate a structure founded on deep "piles" and otherwise completely

isolated from its surroundings. V The acceleration records shown in Fig.

A-24 through A-26 indicate that this scheme was not particularly effective.

The horizontal accelerations suggest that the model was vibrating as a rigid

mass atop a column. An effective column length of 6 in. was computed on the

basis of the measured period. The explanation that the top 6 in. of the 18-in.

"pile" might be effectively unsupported by Lien sand seems plausible.

In Tests 18 and 19, the air void was filled with pre-expanded poly-

styrene beads, approximately 0.05 in. in diameter, which were intended

to act as a damping agent (Fig. 3.23b). That this proved effective to only

a slight degree can be seen in the records of Fig. A-27 through A-31.

8/ The bore of this moidel was probably in contact with loose sana.



Table 3. 1

SUMMARY OF EXPERIMENTS

Crater
Shot No. Area

Test No. on Bed Vibra'ed Recorder Records Obtained

7 A No records

B I 1.h., 21.h., 41.h.c. air pressure

C I v., Z v. 4 u.h. free field

A 1 u.h., 2 U.h.a, 3u.h., 4 v.a

B I l.h., 21.h., 41.hhc, air pressure

C 1lv., 2 V.a, 4u.h.r, free field

9 2 no

10 3 no

11 4 yes A I u.h., 2Zu.h. 3 u.h., 4 v.c

B I l.h.t 21.h., 41.h., air pressure

o I v., 2 v., 4 u.h. C, free field

a a 4 c
12 5 yes A l u.h., 2 u.h. , 3 u.h. a, 3u.h., 4 v.

B 1 l.h~b, Z Ih., 4 l.h., air pressure

C 1 v., 2 v., 4 u.h. c, free field

13 A "1 u.h., 2u.h., 31.h., 4 v.b

B 1 1.h., Z1.h., 31.h., 41.h.

C I v.. 2 v., 4 u.h., free field

14 2 yes air blast

15 3 yes A I u.h., Zu.h., 3 1.h., 4 v.

B I l.h., 2 L.h., 3 1.h., 4 l.h.

C I v., 2 v., 4 u.h., free field

16 4 yes A I u.h., Z u.h., 3 1.h., 4 v.

B I l.h., 2 l.h., 3 1.h. , 4 l.h.

C 1 v., 2 v., 4 u.h., free field

17 1 A 1 u.h.c, u.h. , 4 v-, 3 u.h.

B 11.h., 21.h., 41.h.b, 3 1.h.

S i v.c, v.c, 4 n.h., 3 v

18 2 yes A 1 u.h. c, 2 u.h.c, 4 v., 3 u.h.

B No record

C 1 ., 2 v., 4 u.h., 3 v.

19 3 yes A I u.h., Z u.h., 4 v., 3 u.h.

B I 1.h., 2 1.h., 41.h., 3 1.h.

C 1 v., Z v.c, 4 u.h.a, 3 v.

* Numbers refer to models whose pusition is shown in Fig. 3. 12 and 3. 14. Abbreviations indicatc Ly
which accelea-nfeter the record was obtained: u.h., upper horizontal; l.h., lower horizontal; v.,
vertical. Superscript letters indicate: a , nonrepresentative trace; b, off scope; c3 gain too low.
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baffle

~K.. ct 1/21' steel plate

a. Partial pl an.

Steal hatches

2I pln afeI-f
* S~dh6 ISteel hatch

L -- -- - I I

b. Section A-A.

Figure 3. 1 Teat cell.
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Figure 3. 2 Interior view of test cell.

-31 -



Aluminum cap

tipper horizontal f
a-ccelerometer

Aluminum tube

5-1/411

8-1 /8"

Lower horizontal
accelerom eter

Vertical accelerometer

Aluminum plug

Figure 3.3 Test model.
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Figure 3. 4 Pol yurethane foam isolation models:
No.I0 1!lI-in, thickness,
No. 2 -1/4-in, thickness,
No. 4 - control model.

FAZ

Figure 3. 5 Pile isolation model.
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Figure 3. 6 Tetryl charge and detonator.
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Figure 3. 8 View of crater.
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":i Arrival 
time -d a

Fr I• b d

ir . J . V_____._ _.._ _.. ._ rnsec

c

a. Upper horizontal and vertical acceleration traces.

"I Arrival time --

Fire d
S•.. •: .... ... ... --- m sec

+g

b. Upper horizontal, lower horizontal, and vertical
acceleration traces.

Note: Positive horizontal acceleration vector points
downstream; positive vertical acceleration vector
points downward.

Figure 3. 13 Typical forms of acceleration traces.
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Charge

Figure 3.14 Model positions for tests 7 through 19.
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S/ • •
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a- Upper horizontal accelerometer, a. Upper horizontal accelerometer.

3Time, mccec 3 Time, mecc"o 2".:•,", a .
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\\ 5
' / -16u

131"'10

U U
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b. Lower horizontal accelerometer.

b. Lower horizontal accelerometer.

4Time, mec Time, msec

"o 0 4

10 15
0 13o 5 13-

." 16 . :
20 ' " - 10

30 is

U
U 16C 40 < 20

C. Vertical accelerometer. c. Vertical accelerometer.

Figure 3. 15 Comparison of tests 13, Figure 3. 16 Comparison of tests 13, 15,
15, and 16 at position 1. and 16 at position 2,
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-5 4 Time, msec Time, meec

1i-17 4A B
0 0 0

I 0 17-'/ -130 to 20 10 ScaleB
a I --Scale A

\ /
ZO 40 20

a. Upper horizontal accelerometer b. Vertical accelerometer

Figure 3.17 Comparison of tests 13 and 17 at position 1.

5 13-j Time, meacc Timea, macc

8 4 * 4S0 •oi- 0. .

c0

Iv 1010 40
qa

15 t b. Lower horizontal accelerometer

a. Upper horizontal accelerometer

Tnie, msec
A B

3 4
o 0 5

13- '1 8-.7 7-/
o /.

'1 10 5 Scale B /-Scale A

0 20 1 0 i /

30 1j.

c. Vertical accelerometer

Figure 3. 18 Comparison of tests 7, 8, and 13 at position 2.
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Figure 3.19 Comparison of positions Figure 3.20 CIomparlson of positions 1,
1, 2, and 3 in test 13. 2, and 3 in teat 1"5.
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a. One-half-inch foam isoa•tion (Model No. 1).

b. One-quarter-inch foam isolation (Model No. 2).

Figure 3. 22 Polyurethane foam isolation models in place.
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a. Void isolation (Model No. 3, test 17).

b. Polystyrene beads (Model No. 3, tents 18 and 19).

Figure 3.23 Pile isolation model in place.
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r4-%Chapter 4

THEORETICAL INVESTIGATIONS

The general problem of shock transmission in soils and soil-structure

interaction is of such complexity that theoretical treatment cannot supplant

the need for experimentation at this time. However, theoretical considerations

of any sort which provide aid in the direction and interpretation of the experi-

ments clearly are desirable. One can list three major problem areas of

interest, namely, (1) free-field phenomena, (2) motion of the control model,

and (3) motion of the isolation model. The latter two problems refer to the

sand-model interaction and the sand- isolation-model interaction, respectively.

4. 1 FREE-FIELD THEORY

4. 1. 1 General Requirements. By free-field theory, one generally

refers to a means of predicting particle motion and stress distribution through-

out the medium in terms of the energy release of the detonation. The formu-

lation of such a theory is a most formidable undertaking, existing theories being

generally inadequate, and one that properly requires independent study. In the

present application, however, we are mainly interested in interpreting the

response of the model structures for some given free-field input, and in this

restricted sense we require a considerably less sophisticated free-field theory.

After some deliberation, it was decided to base a free-field theory on the

assumption of a linearly elastic sand and, moreover, to treat this as a one-

dimensional problem, Y in so far as the horizontal component of the disttirbance

is concerned. A separate treatmnent for motions in the vertical direction is

possible, but was not considered explicitly.

It is well appreciated that experimental data obtained under field

conditions tend to discredit the assumption of elastic action, and it would be

a bit too much to hope for in any event, living as we are in a predominantly

non-linear world. However, as stated above, we are interested primarily in

the interaction problem, not in the more general problem of wave transmission,

and these objections seem less significant when viewed in this manner.

i/ An exception to this is the three-dimensional treatment of the Rayleigh
surface wave presented in Section 4.2-
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One must next consider the efficacy of a one-dimensional treatment.

So far as free-field phenomena in the sand bed are concerned, we are faced

at best (i. e., if effects of reflection from the sides of the sand container

are neglected) with an axisymmetric three-dimensional problem. The sand-

moedl interaction is generally three-dimensional and only at the loss of

certain effects can it be considered as two-dimensional. To further reduce

it to a one-dimensional problem requires some explanation. This is taken

up in the following section, but some introductory remarks may be indicated

here.

If the free-field phenomena are assumed to be largely one-dimensional

within a given horizontal stratum, the interaction problem is two-dirmensional.

Since we are interested in the response of the model at times prior to the

arrival of reflections from the sides of the sand container, our (horizontal)

one-dimensional column of sand (containing the model) may be considered as

infinite in length. From this point of view, there are three essential differences

between the infinite one-dimensional column of sand and the two-dimensional

semi-infinite lamina, namely: (1) Under a static force, the column of sand

(and hence the model) will undergo an infinite displacement, whereas a

localized force acting on a semi-infinite body produces a finite displacement.

(Z) In two dimensions, the soil-transmitted forces on the model are dependent

to some extent on the geometry of the model, whereas in one dimension,

geometry plays no role. And (3), in one dimension, particles downstream

of the model are disturbed only as a consequence of the motion of the model,

whereas in two dimensions, this effect contributes only in part to the down-

stream particle motion, which in turn influences the net force action on the

model.

Of these three effects, it is believed that the first, i. e. , the zero

stiffness characteristic of the infinitely long, one-dimensional model, is most

importan.t. Accordingly, a modification of the one-dimensional formulation

that tends to circumvent this objection is described in the following section.

The second and third two-dir, cnbional effectz; are neglected entirely. --V This

most certainly does not mean, however, that a one-dimensional treatment is

employed on the basis of its being wholly adequate; nothing could be less true.

Quite simply put, to further complicate the mathematical formulation would

practically rule out the possibility of obtaining numerical results with an
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expenditure of time and effort compatible with the scope of this contract. For

example, it was not possible to obtain a closed-form solution to the control-

model response problem when the incident stress pulse was assumed to be

of the Rayleigh wave type.

4. 1.Z Rayleigh Surface Waves. It was argued in the previous section

that a rigorous free-field theory was required only to the extent that it provided

a satisfactory basis for formulating the sand-model interaction problem and

that, for this purpose, elastic action of the sand seemed admissable. Based

on a measured wave-propagation speed of about 800 fps and assuming the

duration of the mean acceleration to be approximately equal to the period of

the free-field motion, the wave length of the surface wave is indicated to be

about ten inches. This suggests that the Z-in. -diameter control model may

be largely following the motion of the free field. Accordingly, it was decided

to investigate the properties of a Rayleigh surface wave for the conditions of

the sand bed. This view was supported by the results presented in Ref 17,

to the effect that the Rayleigh wave solution was in good agreement with

observed surface strains in a steel block x ii inmpuine surlace load.

The existence and propagation of Rayleigh waves are familiar phenomena

in the field of elastic wave mechanics, which have been substantiated by

experimental studies in stress-wave propagation and by seismic observations

during earthquakes and blasting operations. These wave3 are generated in

their most elementary form by the passage of plane shear and dilatational

waves parallel to the free surface of a semi-infinite, elastic half-space. The

requirements of zero stress on the free surface are satisfied by the existence

of a third plane wave, called the Rayleigh surface wave, which attenuates

rapidly with depth. Since the analogous three-dimensional solution for a

point source of short duration is mnuch more involved, it seems advisable to

note here the significant features of the plane case before proceeding to the

more general solution.

An approximate treatment of the two-dimensional problem has been

developed in Ref 1.
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Consider a vertical lamina of a semi-infinite body (the conditions of

linear elasticity, homogeniety, and isotropy being assumed throughout) lying

in the x-z plane, the z axis being directed normal to the surface with z = 0

at the surface. Let u and w be particle displacements associated with

the Rayleigh wave in the directions of the x and z axes, respectively.

In Ref 14, these displacements are given by

1 7 Ak lexp(-qz) Zqs(s Z f2)-I exp(-sz) 1 sin(wt - kx) (4.1)

w-Aq [exp(-qz) - 2f's'+ exp (-sz)]l cos(6Jt -kx) . (4.2)

where

A amplitude of wave

k 2 WT/A , wave number

A z wave length

2 2 22
q k (I - 4 c' I

S- K-li it)

2 1-26

T = Poisson's ratio

k = CR//K3

CR velocity of Rayleigh wave

A• velocity of distortional wave

c•rcular frequency of wave oscillation

t = time.

The velocity of the Rayleigh wave is found from the solution of the

following equation which results fboai satisfying the condition of zero stress

on the surface z 0 :

6 4 2 2. 2
kI - 8k 8(3 Z aI)kI + 16 ( ct 1 (4.3)
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2
Equation 4. 3, being a cubic in k 1  , must always have at least one real

root. If Poisson's ratio is choosen to be 0.5 for a dense dry sand (corres-

ponding to d, = 0 ), Eq 4. 3 yields only the one real root

2
k 1 = 0.9127

this in turn, provides

R- R - 0.9554

Thus, in the plane case, the velocity of the Rayleigh wave is but 5% less

than that of the distortional wave.

The coefficient of the sine term in Eq 4. 1 governs the attentuation of

the wave amplitude with depth below the surface, z . Using 0(1 = 0 and

the associated root k 1 , this coefficient becomes

Ak e-kz- 0. 5434 e "

This expression has a maximum value of 0.4565 Ak at the surface, decreases

to zero at a depth of 0. 138 wave lengths (i.e., kz = 0.8654), reverses sign

and reaches a relative minimum (0. 1788 Ak) at 0.413 wave lengths (kz =

2. 5959), and then dsymptotically approaches zero. It is of interest to note

that the particle motion at the free surface is of a retrograde elliptical form.

We consider now the propagation of waves at the free surface of a

semi-infinite solid generated by a concentrated force of short duration

acting normal to the surface. Following Lamb's procedure, one obtains

first the solution for a load distributed over the entire surface anrd varying

as a harmonic function of time. Let r be a radial coordinate and z be

normal to the surface with z = 0 taken at the surface. Then the surface

forces per unit area,

[Pzrl z = 0 = 0 and [Pzz] Z = 0 = Z J0 (kr)eiw)t (4.4)

give rise to horizontal and vertical surface displacements of the form

kqZk(2 - k 2 V1 Z i&Jt
qo= F1i (kr)-7- e (4r)5)

0F(k) 15
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2
Equation 4.3, being a cubic in k. , must always have at least one real

I

root. If Poisson's ratio is choosen to be 0. 5 for a dense dry sand (corres-

ponding to d, = 0 ), £q 4. 3 yields only the one real root

2k = 0.91Z7

this in turn, provides

CR
i = CR - 0.9554

Thus, in the plane case, the velocity of the Rayleigh wave is but 5% less

than that of the distortional wave.

The coefficient of the sine term in Eq 4. 1 governs the attentuation of

the wave amplitude with depth below the surface, z . Using oCI = 0 and

the associated root kI, this coefficient becomes

Ak [e-kz- 0.5434 e-0"2955kzj

This expression has a maximum value of 0.4565 Ak at the surface, decreases

to zero at a depth of 0. 138 wave lengths (i.e., kz = 0.8634), reverses sign

and reaches a relative minimum (0. 1788 Ak) at 0.413 wave lengths (kz -

2. 5959), and then asymptotically approaches zero. It is of interest to note

that the particle motion at the free surface is of a retrograde elliptical form.

We consider no-, the propagation of waves at the free surface of a

semi-infinite solid generated by a concentrated force of short duration

acting normal to the surface. Following Lamb's procedure, one obtains

first the solution for a !oad distributed over the entire surface and varying

as a harmonic function of time. Let r be a radial coordinate and z be

normal to the surface with z = 0 taken at the surface. Then the surface

forces per unit area,

[Pzr] I = 0 = 0 andc1[z~l] = 0 =Z J0 (kr)elt~ 44

give rise to horizontal and vertical surface displacements of the form

k(Zk - k -

- F(k)- ) Jj(kr).gel-t (4.5)
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- k ) (kr) Z eil(t (4.6)

F(k) °

In the above equations

q = horizontal displacement at surface z = 0

.w, = vertical displacement at surface z = 0

Z z amplitude of normal stress intensity

k = wave number

W - frequency of force

kd = w/a<

/6 =velocity of distortional waves

4 =velocity of compressional waves

-1022 k 2 -k2
(A)') - = k k k

/J/ = Lame Constant

/0 = density

t = time

o L a Bessel functions of zero and first order, respectively

F(k) (2k 2 - k2 )2 - 4k 2-I"U Rayleigh's function.

These results can be superposed to yield the solution for a concentrated

force of magnitude L at the origin z = 0 by expansion in terms of a

Fourier-Bessel integral. That is, one takes

= 0 JL (kr) kd k e t (4.7)P z z Z 0 = --2 -# o 0

and sets

Z L kdk
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in Eq 4. 5 and 4.6. Upon integrating with respect to k from 0 to oO

the resulting surface displacements are found to be

L k k k 2 (2k 2  -2  -ZJ-) )ot

qo j -/d - Jil(kr)dk e (4.)
F(k) (4.8)

0o 2

S= - L o Jokr)dk (4.9)

As in Ref 14, the integrals can be evaluated by contour integration

in the complex plane. At this point, we introduce a specific time variation

for the force and denote it by Sd (t) . A reasonable, and particularly

convenient, form for this variation is

Sd(t) = pL
p +t

where p is a constant.

The resulting surface displacements of the Rayleigh wave are found

to be

H I-I 3/? -v (4.1I0)
q HL cos 3 v sin 3.(4--10

Zp2(ZrC R)1/ 3/

KL 3/2 - 4?Y 3
1/2r3/2 cos v sin ( - -- v) ,(4.11)

0 tp (zrCR) 1/ /

where

v z arc cos

p +t

t = t R

C = velocity of Rayleigh wave

11 constant
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According to the assumption that the control model is executing the

motion of the free field, we are most interested in the radial component

of the surface acceleration. This is obtained by implicit differentiation

of Eq 4.10 and is

d q° 0 a = -2 c os 7/i v sin( fr/4 - 7v/2),(. 2
dt2

where

15 HL

8/1 (ZrCR)rG p7/Z

The graph of Eq 4. 12 is shown in Figure 4. 1 where the nondimensional

radial acceleration a/ is expressed as a function of the time parameter

t .' Also shown in the figure is the quantity Sd(t) , which is the analytical

form assumed to represent the detonation input. This expression and the

resulting acceleration have been evaluated for p = I msec . The constant

p is a measure of the average pulse width, and the choice of 1 msec is based

on the experimental data. 3/ The quantity c< governs the radial location.

It depends on the elastic properties of the medium and is proportional to the

amplitude of the input pulse L . No attempt has been made to evaluate d ,

since L is unknown and the effective elastic properties of the sand are not

well established. However, the results of Fig. 4. 1 still provide a means of

comparison with the experimental data.

A comparison of the Rayleigh surface accelerations with a typical

record from an upper horizontal accelerometer (say, Fig. 3. 10) shows

definite similarities. It is observed that the first peak in both cases is

negative and of considerably smaller magnitude than the second, positive,

peak. The ratio of positive to negative peak magnitudes is somewhat

-- Measurements obtained during the preliminary tests indicated that a
time delay of about 1 msec occurs between initiation of the firing voltage
(the detonator should then ignite within microseconds) and arrival of an
air shock immediately above the change.
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greater for the theoretical case, but this may possibly be explained by the

effect of the sand-model interaction or by the fact that the gage, being

slightly below the surface, records an attenuated positive peak. Another

similarity is evident in the relative time scales of the experimental and

theoretical curves, the peak-to-peak period in both cases being on the order

of milliseconds. While this argument is dependent upon the somewhat

arbitrary choice of pulse width (i.e., p = I msec), it would be discouraging

indeed if the time scales differed in a signific2ant manner. Although later

peaks occur on both the theoretical and erperimental curves, similarities

between the two are less evident.

The above comparisons support the view that the control model, at

least in its initial motions, executes essentially the motion of the free field.

Although other investigators have found that for low stress levels and at large

distances from the source (such as under seismic condition), a theory based

on a linearly elastic medium conforms well with observed phenomena,

the same arguments may not be applicable here. Thus, such mitigating

factors as (1) the relative closeness of the point under consideration to the

source, (2) apparent density variations within the sand bed, (3) the discounting

of the interaction (see Section 4 2), and (4) the uncertainties in the actual

time variation of the detonation process and its departure from a concentrated

force must all be acknowledged.

4.2 CONTROL MODEL RESPONSE

4.2. 1 One-Dimensional Theory. We describe in this section a one-

dimensional theory of the control model response based on elastic action

of the soil insofar as the sand-model interaction process is concerned.

Modi•ication of the theory to include two-dimensional effects and the

numerical results obtained are discussed in subsequent sections. It is the

purpose of these analyses to investigate whether the experimental data can

be better interpreted on the basis of interaction phenomena than on the basis

of free-field motions (as considered in the previous section).

Consider a column of sand in which is embedded a rigid mass representing

the control model, Fig. 4.2. We image this column to be directed along a

radial line in the sand bed, and, since we do not consider reflection effects

from the sides of the sand container, the column may be considered infinite
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in length. The sand, being assumed a linearly elastic, homogeneous, and

isotropic body, satisfies the well-known, one-dimensional wave equation,

insofar as its free-field particle motion is concerned. That is,

9 - Fu (4.13)

where

x = coordinate defining position of sand particle

u = displacement of sand particle in the direction of the x-axis

c = = speed of elastic wave propagation

t time

E = compressive modulus of (idealized) sand

,A = density of sand.

The general solution of Eq 4.13 is known to be of the form4/

u(x 1 t = UI(X i Ct) U u2 (x- Ct) (4.14)

Let the function u1 represent the free-field displacement at the point x = 0

taken to be just prior to the sand-model interface; ul(t) thus defines

the motion of the wave pulse incident upon the model. Due to the interaction

process, a reflected wave, denoted by u. , is transmitted upstream. The

total displacement of the free field at the interface x = 0, therefore, is

u(t) 1 ul(t) + ux(t)

By continuity at the interface

uM) Z y(t) ,

where y is the displacement of the control model, Fig. 4.2.

We consider now the computation of the force-per-unit-arca on the

upstream and downstream faces of the mass. Since we assume intimate

contact of the mass with the adjacent sand particles, the.se stresses are also

the stresses in the free field at the respective interfaces. With reference to

Fig. 4.2, the time-dependent stress, c (t), on the upstream face may be

thought of as the superposition of stresses in the incident and reflected waves, i.e.

- See Ref 7 or any textbook on the subject.
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C"(t) = Ci(t) + C02 (t) (4. 16)

Since the sand is assumed to obey Hooke's law, the following relation holds

between str-ess and strain:

S(t) = E (4. 17)

SU?IZ5 t) ; : -ý-i-

By virtue of the "wave" form of the displacement, Eq 4. 14, the strains are

proportional to particle velocity. Thus, by Eq 4. 14, 4. 16, 4. 17, and the
continuity condition, Eq 4V 15,

l (t) = P c tI(t)

Cz(t) = -pc •it) = c(u1 -

(4.18)
=- (l(tJ - /Ocy

C(t) = 2 • 1 (t) - ZO cy

The quantity ,oc is often referred to as the acoustic impedance of the

medium. The mass is assumed to be rigid so that the downstream interface

moves with velocity y , inducing a stress in the sand of magnitude

3 = JO cy . (4.19)

These being the only forces acting on the mass, the equation of

motion of the mass is

A [•(t)_ c(t)] = Mý ,

or

y+ 0( = f (t), (4.20)
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where

A area of interface

M z total mass

0( 2'o c
m

M

f(t)

For a motion starting from rest, Eq 4. 20 is subject to the initial conditions

y(O) - () Z 0 (4.21)

4. 2. 2 Modified One-Dimensional Theory. According to the results.

of the one-dimensional theory, Eq 4.20, the mass would undergo an infinitely

large displacement under the action of a steady force. This is to be expected

since the infinitely long column of sand has zero stiffness. However, if a

steady force is applied over a finite area to a two- or three-dimensional

body of infinite extent, finite displacements result. This is but one manner

in which the one-dimensional problem differs from the more general case.

This particular difficulty may be circumvented in a rather simple,

if arbitrary, fashion. To provide the necessary restoring force, one has

only to imagine a linear spring connected to the mass in parallel with the

free field, as indicated schematically in Fig. 4.3. A basis for selecting

a suitable linear spring may be argued in the following manner. A well-

known solution in the three-dimensional theory of elasticity is that of a

semi--infinite body acted on by normal stresses distributed over some area

A of the free surface. in Ref 41-' i ]b hut,wn that the average deflection

of the loaded surface w is given by
avg

=m(l-_ (5 (4.U

ag E AE
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where

P = total load on the area

T = Poisson's ratio

E = Young's modulus

m = constant depending on the shape of the loaded area.

The constant mn is generally of the order of unity. being equal to 0. 96 for a

circular area, and 0.95 for a square, and having the value

0.94 > mn > 0.71

for rectangular areas whose sides are in the ratio of

1.5 < a/b < 10 .

This, then, indicates a linear spring of rate

k P=_____E (4.23)
avg m(1 - 6.

and suggests the average value,

k ýs E per unit length.

If we consider the spring to connect the mass to the free field, it exerts

a restoring force on the mass given by-5 k(y - u,) . The particle displace-

ment of the incident wave at the interface x = 0 is related to the incident

stress wave as follows:

u1 (t = Cm 1 4'IAuc I =7 f 1 (V)dZ• = 7- f(v)dt - -lt) W C4 .- 21

0 0

This assumption ensures an oscillation of the mass about an equilibrium
position relative to the free field but still permits an absolute permanent
displacement since uI is not restricted.
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The quantity
t

1(t) = § f(v•)d't

is proportional to the im-usc of the incident stress wave and implies that

u 1 (0) 0 o

The equation of motion of the mass now becomes

Y 6 y + f(t) +- -1 (t (4.25)

where

2 k
OW M

This equation is subject to the initial conditions of Eq 4.21 and replaces

Eq 4.20 for the motion of the mass. It is recognized as the equation of

forced motion of a viscously damped, li±,.a± oscillator. Eqaation 4. 25 may

be put into the convenient nondimensional form:

Y(4 Z/3f -( -T g(i (4.26)

where

13 -

k• - 2 A y. nondLimensional displacement of mass
0

V" wut . . . nondimensional time

CF" =amplitude of incident stress pulse

9(V f( '/ )+ O)

g(') a Ff,)a I(0/1O)
1

a~ LJ

a.= c /0 c particle velocity of incident pulse

and the primes indicate differentiation with respect to t
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Solutions to Eq 4.26 have been obtained fbr both cosine and triangular

forms for the incident stress pulse. The analytical solutions are summarized

in Appendix C; the results of a limited variation-of-parameter study conducted

on the ARF analog computer are discussed in the following section.

.4. 2. 3 Variation-of-Parameter Study. Equation 4. 26 involves two

essential quantities, the parameter / which depends on the properties of

both the sand and the model, and the function g(0e') which depends primarily

on the incident stress pulse. Inasmuch as neither of these quantities is well

defined, it seemed desireable to investigate the nature of Lhe solution over

some range of the parameters. To this end, a limited variation-of-parameter

study was conducted with the aid of the ARF analog computer.

The value of /A is of particular interest, since the steady motion is

either of an oscillatory or non-oscillatory type as the value of /3 is less than

or greater than unity. ( /3 may be thought of as representing the percentage

of critical damping for the system. ) For a value of 800 fps for the wave

speed c , 110 lb/ft3 for the weight of sand, and the m~easured weight

of the model, A is computed to be about 1. 8. This indicates an overdamped

motion, a result which is intuitively satisfying ;since the model would not be

expected to undergo a vibratory motion when immersed in the sand bed. It

was thus decided to limit variations in /6 , and for the most part computer

solutions were obtained with /6 = ?. 0.

Partly for the sake of simplicity, it was decided to study solutions

based on a triangular form for the incident stress pulse. Typical results

for a representative range olf inputs are shown in Fig. 4.4 through 4. 9. 6/

Some difficulties which limited the number of solutions obtained were

encountered with the computer. The cumputer solutions show the acceleration

asymptotically approaching zero after the negative peak. Careful numerical

evaluation indicates that a small, second, positive peak actually occurs.

Also; it was not possible to obtain solutions for extremely short rise times.

However., the computer results presented here are correct in their essential

details.

-61 For the parameter values mentioned above, a nondimensional pulse width
of 4. 5 time units on the computer corresponds to I rnmsec real time.
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While the predicted acceleration is somewhat reminiscent of the

experimental data, there are noticeable dissimilarities, due mostly to the

simplified incident stress pulse considered. The shape and relative magnitude

of the first positive and negative acceleration peaks depend mostly on the

rise and decay rates of the pulse. As expected, amplitude increases as the

rise or decay time decreases. A pronounced flattening of the peaks occurs

with increasing rise times. It seems clear that reasonably good agreement

with the experimental results could be obtained by suitable choice of the

incident stress pulse. This choice would have a relatively more rapid decay

rate than rise rate and likely would exhibit a small tension phase similar to

the Rayleigh surface stress wave. We observe that while neither the free-

field nor interaction theories conflict with observed results, it cannot be said

that either of these approaches, or their underlying assumptions, is necessarily

substantiated. We can only conclude, therefore, that either point of view is

probably adequate for predicting the gross behavior of the models under the

test conditions, but inadequate for a phenomonological understanding of the

problem.

4.3 TWO- AND THREE-DIMENSIONAL EFFECTS

The theory described above is based vt a one-dimensional, elastic,

mathematical model of the sand-model interaction, modified so as to

introduce a two-dimensional effect of possible importance. As mentioned

previously, the physical setup is strictly a three-dimensional problem, and

we omit treating certain effects by virtue of our simplifications. Thus, we

discount (1) surface effects at the free boundary, (2) possible variation in

response with depth, and (3) two-dimensional effects at a given depth.

Of these, item 1 is likely to be of greatest significance, in that a one-

dimensional approach offers no way in which to account for the actual geometry

of the model. Reference 1 attempts to do just this by drawing analogy to the

corresponding air-blast loading problem. Inasmuch as this approach has not

been substantiated and since our present aims are of necessity rather limited,

it was decided not to employ these results.
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4.4 ISOLATION MODEL RESPONSE

Two classes of isolation mechanisms were considered, either applicable

to the polyurethane foam isolation tested, depending on the stress levels

involved: (1) an elastic or non-energy-dissipative mechanism and (2) an

energy-dissipative mechanism. The elastic rnechanisrn,which appears to have

been realized in the experiments, is discussed in Section 4. 1.1. The dissipative

mechanism, which apparently does not occur at the low stress levels achieved

in the experiments, is discussed in Section 4.4.2.

4.4. 1 Elastic Isolation Systems. An elastic isolation system refers

to what is in essence a linear spring (or spring-dashpot) mounting of the

structure relative to the surrounding medium. To be effective, it seems

clear that this should be a "soft" mount, that is, one for which the rigid-

body mode of vibration of the structure is of a sufficiently low frequency.

One can then visualize a low-frequency, low-amplitude oscillation of the

structure (relative to the surrounding medium) resulting from a relatively

much more intense input with high-frequency components. Thus, the

structure-isolation system simply cannot respond to the local time details

of the input soil motion; as a result, its response is primarily dependent

upon the total impulse of the input.

From this point of view, the interaction problem occurs at the soil-

isolation interface; the mction of the structure is more the ordinary matter of

external excitation. Thus, we may visualize some short-duration motion of

the soil-isolation interface (which is essentially that of a free soil interface

due to the low compliance of the isolation "spring") acting as input to the

isolation. The subsequent motion of the structure, then, is essentially a free

vibration relative to a "rigid" soil boundary.

To the extent that this view proves admissable, the governing theory

is straightforward and simple. For example, if a displacement compatible

with the cosine stress pulse considered in Appendix C is imparted to one end

of the spring, the maximum acceleration of the structure is found to be

inversely proportional to the square of the period of the system, Tm I

providing that this period is long compared to the duration of the pulse,

T . The maximum displacement is proporational to the ratio (T p/Tn)t.

Tp p
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Thus, the amplitude of the transmitted acceleration pulse, as well as the

displacement of the structure relative to its surroundings, can be made as

small as desired. Of course, there is a corresponding increase in period

of the induced motion.

Reference 28 deals with upper and lower bounds to the response uf

the linear mass-spring system and is of interest in the present application.

Specifically, absolute upper and lower bounds to the maximum displacement

have been determined for the class of non-negative forcing functions charac-

terized only by total impulse and duration. Thus, given the impulse and

duration of the input to the system, one is able to state in advance both the

maximum and minimum possible maximum displacements of the system

regardless of the particular time-variation of the input. It appears that

these results could be extended to yield bounds for the response as measured

by acceleration of the mass.

4.4.2 Energy-Dissipative Isolation Systems

4.4.2 1 Introduction. Existing studies of the ground shock-

isolation problem all seem to consider the use of some sort of energy-dissi-

pative device, the "gin bottle" experiment of Ref 29 being the most conspicuous

example. Possible alternative approaches were discussed in Section 2.3.

In this section, we consider a particular class of energy-dissipative materials,

the so-called totally locking material, which appears to be applicable to

prototype installations. The results of the analysis suggests, however, that

the assumed action of the material, while possible, may not be practically

achieved.

It may be imagined that the incident ground shock causes sudden,

largely permanent displacements of the soil and that the structure moves through

this distance. Potentially destructive forces and accelerations result from

the sudden arrestment of the structure. Viewed in this manner the isolation

problem is similar to the dynamic cushioning problems of recent interest to

the packaging industry. Reference 15, for example, discusses the concEpt

of optimum cushioning and presents static and dynamic test data on the

properties of a variety of cushioning materials.
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The materials of interest in the packaging problem are generally

flexible and uf low density (e. g. , hair latex, cellular rubber, flexible

polyurethane) and in application are characterized by large strains (up to

about eighty percent). A typical static stress-strain curve is that for a

flexible polyurethane foam material shown in I-ig- 4. 10 (Ref 15).

Consider a material in an unstrained state suddenly subjected to a

stress at its surface. If the stress is of sufficient intensity some portion of

the material will be strained to its limiting value, and this portion will move

as a rigid body contiially acting to compact material ahead of itself. A

material behaving in this fashion will be termed a "totally locking material",

following Ref 25. 7/ We will first develop the properties of such a material

and then introduce it into the interaction problem.

4.4.2. 2 Totally Locking Material. Figure 4. 11 shows a one-

dimensional length of the isolation material. The incident stress wave at the

Lntcfý-c c ue a.. . s• ck froant toe% 0 transflQ tte d into the material with

selocitv U5 and causes the interface itself to move with velocity U.

Denote the density of the uncompacted material (ambient density) ahead of

the shock front by /f0 , and the compacted density behind the shock by

. ) .According to the assumption of a totally locking material, d- is a

constant, so that the length of material behind the shock front (z - x), Fig. 4. 11,

moves as a rigid body with the velocity of the interface U. Accordingly,I

conservation I onass rcquires

)o Us = ./ (US - U) - m 1 , (4.27)

where the constant m 1 may be thought of as the mass flux through the surface

of the shock front. Equation 4.27 yields the following relation between the

interface and shock velocities:

U.
E ec/ (4.28)U a c

s

where the constant e is termed the compaction strain.c

Reference 25 presents an interesting free-field theory for a non-cohesive
sand medium based on this type of behavior.
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Applying conservation of momentum across the shock front,

"40 Ui (Us - U) = (4.29)

where Y's is the stress (i. e., pressure) in the compacted material just

behind the shock front; the ambient material is taken to be stress free. By

Eq 4. 27 and 4.28, the stress at the shock front is

Hz.s 0° ec U (4.30)

In ordcr to sustain the shock front, the stress 0Us must be at least as large

as the stress associated with the compaction strain, ec (see Fig. 4. 10).

That is, we assume

01 > )--r(4.31)

throughout this discussion.

Apply now conservation of energy across the shock front, and use the

well-known form of the energy equation, Ref 43,

1 1 1T (. io ,O ) 0Ts = E*/ O ,(4. 3Z)

where E*" id the internal energy per unit volume behind the shock and the

energy datum of the ambient material is taken to be zero. Thus, E* represents

the increase in internal energy due to the compaction process. Substituting

the above results into Eq 4. 32 yields

E, 1 2 (4.33)

Equation 4. 32 can be interpreted to mean that the increase in internal

energy across the shock front is due to the work done by the mean stress in

performing the compression. The result of Eq 4. 33 shows that this increase

in energy is numerically equal to the kinetic energy per unit volume of the

compacted material. This, by the way, demonstrates the fact that the

compaction process is indeed an energy-dissipative process. Finally, it is

important to note that these results in no way have involved specifying the

stress-strain properties of the material or the mechanism of compaction.
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It has only been assumed that the particle velocity is independent of position

behind the shock (rigid-body motion of the compacted portion) and that the

incident stress is of sufficient intensity to maintain the shock front. No

attempt will be made here to treat the problem wherein the latter condition

is not met, e.g., during unloading.

4.4.2.3 Response of Isolation Model. We will now extend the

one-dimensional theory developed in Section 4.2.2 to include a totally locking

isolation material interspaced between the rigid mass representing the model

structure and the surrounding elastic medium. With reference to Fig. 4. 12

consider a free-field stress pulse T1I (t) , incident upon the sand-isolation

interface a-a . We will assume that the transmitted stress exceeds the

compaction stress for the matertal so that the interface a-a is displaced

with velocity U. = x . As in the development in Section 4. 2.. the stress-

on the moving interface a-a is

01t) = 2W o1 (t) - j~cx

where ,Oc is the acoustic impedance of the sand. The equation of motion of

the "rigid" portion of the material bounded between the intezface a-a and the

shock front is

Cr (t) = d

where /Ooz is the total enclosed mass and coordinate z meaaures the portion

of the shock front relative to the original position of the interface (see Fig. 4.11).

From the above two relations and Eq 4. 28, the equation governing the

position of the shock front is found to be

Aoc _ = O" (t) (4.34)

This may be integrated once to yield

___ 2- (4.35)
z- 4- - z =- 1(t) ,
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where

1(t) = S - (V) dt (4.36]

0

is tine impulse of the incident free-field stress pulse, and the initial condition

z (0) = 0 has been employed. Eq 4. 35 is a non-linear equation, and closed

form solutions to it may be obtained only in special cases depending on the

nature of I(t) In particular, when I(t) is a linear function of time

(corresponding to a step pulse for 13-1 ), the equation is recognized as a

linear fractional form for which the solution is straightforward.

Equation 4. 35 is valid providing the shock front has not yet reached

the isolation-structure interface b-b , i.e., for z < L , Fig. 4. 12, and

provided that the compaction process can be maintained, i.e., that Eq 4. 31

holds. We will assume the latter to be true and will proceed to the isolation-

structure interaction.

When the shock front reaches the interface b-b, the upstream isolation

material impacts the structure as one rigid body upon another. If it is assumed

that the impact is plastic (i.e., no rebound), an initial velocity is imparted

to the mass. The subsequent motion is that of the combined mass of isolation

material and structure, acting as a rigid body and being resisted by the down-

stream isolation material and sand. From momentum conservation, the initial

velocity of the structure, y0 , is given by

/o / L e ZL (4.37)

where 2 is the velocity of the shock front at the time z = L , and m is

the mass of the structure. By Eq 4.35,
z ,Oc

zL -
I(tL) - /I c

whO, e r
where

Z(tL) = L
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in order for a compaction front to propagate into the downstream

isolation material, the stress at interface c-c must exceed 0 -"c This

prescribes a minimum value of ;o for which the compaction process will

continue. From Eq 4. 30, this condition is

> e T
C c (4.38)S0

An equation for the position of the shock front z , in the downstream

isolation material, analogous to Eq 4. 34, can now be written. This, in turn,

yields the equation of motion of the structure, since continuity must be

maintained at interfaces b-b and c-c . Accordingly, one obtains as the

governing equation for y(t)

d (m + [° L c )+ }y + PC - (t)
e c

(4.39)
Y(tL) 0; Y(tL = Yo' t>tL

Integrating Eq 4. 39 yields

(m + 'poL + /O°Y ) Y + CY = ZI(t) - pcLe (4.40)
eC

An explicit form for y can only be obtained in very special cases.

Equation 4.40 is now valid for tL < t < ZtL or z < L , that is

until the shock front reaches the isolation-sand interface d-d . The

subsequent motion of the structure is easily formulated, but, as discussed

below, there appears to be little point in doing so.

In order to investigate the conditions under which this type of isolation

material can act as assumed above, we consider as a particular example a

step-pulse incident stress wave and isolation properties corresponding to a

flexible polyurethane foam material. For T I (t) = , the solution of

Eq 4.35 is found to be

.(t) = At (4.41)
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where

e+ I -I

j Voj

The stress at the compaction front is

.2 2
= et z -- Ae (4.42)

S 0 o /10C

Thus, the stress is constant throughout the compacted portion of the material.

In order for the compaction process to occur, we require 0- > (Y
a c

This implies the following minimum value for the incident stress C0

eQ
To > c (4.43)

Consider the following numerical values for an Ottawa sand and an

isolation material such as a flexible polyurethane foam, shown in Fig. 4. 10:

./0 = 3.4 lb sec /ft (110 lb/ft3), dry Ottawa sand

c = 80O fps

1o0 = 0. 062 lb sec 2 /ft 4 (Z lb/ft3 )

ec = 0.8 polyurethane foam

OTc = 6 psiJ

From Eq 4.43,

0 = - [6+2000 1000 psi

which is the minimum stress for the compaction front to form in the upstream

isolation material. Fpr this value of stress, from Eq 4. 41 and 4.42,

A 142 fps
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This result -- that a 1000-psi incident stress pulse is transmitted into

the isolation material as a 6-psi pulse -- indicates that the polyurethane foam

effectively acts as a void relative to the adjacent sand. Thus, at stress

levels of the order attained in the experiments (i. e., about 1 psi), compaction

of the foam definitely would not be expected. This being the case, there is

no point in continuing further with application of the theory to the present

experimental situation.
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Figure 4. 1 Rayleigh-surface-wave radial acceleration.
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Figure 4. 3 Modified one-dimensional sand-model configuration.
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Figure 4. 10 Stress-strain curve of flexible polyurethane
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Figure 4. 1? One-dimensional sand-isolation-model configuration
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Chapter 5

DISCUSSION OF RESULTS

5.1 THE EXPERIMENTAL PROCEDURE

The results obtained are considered to demonstrate the feasibility

of the experimental approach, at least insofar as reproducibility of effects

is concerned. Success in this direction has proven to be mostly a matter

of experimental technique, and the present procedure can doubtless be

improved with continuing experimentation. From a quantitative point of

view, the shot-to-shot variation in control-model response is practically

negligible as compared to the differences in response between the control

and isolation models. Thus, one would have confidence in utilizing this

experimental approach to establish the effectiveness of a (model) isolation

device on either a single- or repeated-shot basis. However, when one

demands assurance of a highly reproducible input, as might be the case in

rating relative effectiveness of different isolation devices, the matter is

by no means as clear-cut.

The data indicate that effects are well reproduced on successive first

shots on the bed, i. e., when the bed is completely reconditioned between

shots, but that the effects reuonded on a first shuL are not as well reproduced

in the second or later shots on the same bed. However, discounting the

first shot, the effects are reasonably well reproduced in subsequent shots

on the same bed. This rather curious result could indicate that the first

detonation serves to shake the bed into more of an equilibrium state than

is attained through vibration and that subsequent detonations then leave the

bed relatively undisturbed. The explanation may have rr ostly to do with

the condition of the crater area, however. That is, we may not have been

successful in recompacting the crater area to its pre-first-shot condition

for the second and later shots. This could be investigated by digging

up the crater area after emnplacing the models prior to a first shot and then

restoring it in the manner of a second shot.
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The greatest differences in behavior between shots were obs.erved in

the vertical accelerations. A possible explanation for this might be that the

vibration process tends to "float" or rotate the model slightly-!!. It is well

appreciated that a uniform and high compaction of the bed is not easily

attained. The mechanics of the vibration process are extremely involved:

a major effort would be required to establish the proper type of vibrating tool,

its operating frequency and amplitude, and the pattern and extent of vibration

required to gain maximum compaction of the sand bed.

The responses of the control models were in reasonable agreement

at the same radial location for any one shot. The differences attest to the

variation in physical properties (mostly, relative density) throughout the

bed. This is not believed to be due to asymmetrical behavior of the charge,

since the crater was always quite symmetrical and very well reproduced in

dimensions from shot-to-shot.

All things considered, the following procedure is recommended for

future testing: The bed should be conditioned in the present manner, and

three to four tests should be run without otherwise disturbing the models.

The models should then be removed, the bed entirely reconditioned, and the

same procedure repeated. Depending on the results obtained, it might be

desirable to run this cycle of tests again. This unfortunately time consuming

procedure seems essential if relatively small differences in model behavior

are to be recognized.

5.2 THE EXPERIMENTAL RESULTS

It appears that the control model primarily executes the motion of

the free field. This suggests the possibility of using the measured

acceleration to estimate incident free-field stress levels. Based on the

parameter values given in Section 4.4.Z. 3, the maximum positive accelera-

tion of the model due to a cosine-type stress wave (see Appendix C)

corresponds to a stress amplitude of about 0. 1 psi per g. For a 10-g peak

The weight of the sand displaced by the model exceeds the weight of the
model itself, thus possibly creating a bouyancy effect when the sand
particles are in motion.
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acceleration, this predicts a peak stress of I psi and an associated maximum

displacement of 6 x 10-4 in. While these are not claimed to have been the

actual test conditions,. they seem of reasonable value.

The tests with polyurethane foarn indicate this material to be highly

effective as an isolation device. The observed low-frequency low-amplitude

motion is suggestive of elastic (i. e., non-energy-dissipative) behavior,

as if the model were spring-mounted from a rigid surface. This view is

also supported by theoretical considerations. The theory of a totally locking

isolation material indicates that the dissipative action of the foam should

obtain only at extremely high incident stress levels, while the observed

relative behavior of the two thicknesses of foam is as expected on the basis

of elastic response. Thus, the compliance of the foam springs being

proportional to their length, one would expect the thicker material to

exhibit the greater period and the lesser acceleration amplitude. This

behavior was observed in the tests, although it is not possible to gain a

strictly quantitative comparison between the two models.

Little can be said concerning the genera! significance of the experi-

mental results since, at best, this matter can never be settled within the

context of miniature-scale experimentation alone. Moreover, the major

effort of the program to date bs been in the establishment of an experimental

technique, and the gathering of data has only just begun. Necessarily, this

discussion will be brief.

The practical problem of achieving a satisfactory level of shock

isolation clearly seems dependent upon the scale of the motions of the free

field. Thus, the effects of tranRient ground motions of several inches might

be ameliorated in various ways, whereas motions of several feet or more

pose problems that are at least different in degree and possibly in kind.

In pressure regions of current interest, however, the concensus of opinion

(if not of fact) suggests that the gross motions of the soil are of tolerable

proportions, and this would tend to support the reasonableness of the

present experimental approach, the differences in ground shock and geometric

scale notwithstanding. Granted thi&, the results so far are encouraging.

Specifically, it is suggested that simple non-energy-dissipative systems

are effective and, moreover, that a material such as the polyurethane foam

8b



used in the tests may be practically applicable to prototype installations.

This latter suggestion, in a way, is more than had been anticipated, since

our original view discounted the possibility of actually testing prototype

systems. However, the properties of this particular class of materials

seem to demand further consideration.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLU.SIONS

Within the ScopUe of the work as set forth in this report the following

conclusionb have been reached.

I. A satisfactory experimental procedure was evolved for producing

ground shock disturbances in a non-cohesive (Ottawa) sand medium using

small HE charges. Stress levels achieved to date are estimated to be of

the order of 1 psi at the test locations.

2. It i.3 por.sib!e Ir achicve reasznab!y good reproducibility of effects

within the bed from shot-to-shot. While strict duplication of free-field

conditions for any tw.a shots carnnot be guaranteed, these differences are

cunE-idercd t•s:gl.caflt insiofar at e'haiaa.ixg the effectiveness of a model

isolation device is concerned.

3. A model 'solation device consisting of a thickness of a flexible

polyurethane learn interspacec between a rigid silo-like model and the

sand was shown to be effectfve vin redtucing peak accelerations executed

by the structure. Peak accelerations are reduced by a factor of eight or

more, with a correjponding increase in t.he peri.d of the motion.. While

the foam material car act as an energy-dissipating medium at extremely

large incident stress levels (:000 psi), the experimental results indicate that

its action is elastic and approximates that of a linear spring at the low stress

levels of this experimnr~t.

6.2 RECOMMENDATIONS

1. It ift believed that a contiri.ati-on of the experimental work described

herein is justified. This would involve primarily an investigation of the

isolation effectiveness of various formulations of foam materials (or their

equivalents) under the highest practical stress levels.
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2. Consideration should be given to the design of a small-scale

experimental program, utilizing HE-generated ground shock and models

several times the scale of the present tests. These tests would be conducted

out-of-doors so as to achieve higher stress levels than are now practical

and to more closely simulate the combined effects of both direct and air-

induced ground shock. However, such tests could not imply a known means

of modeling structural response or of scaling to large HE or nuclear bursts.

3. Consideration should be given to the practical employment of such

materials as.flexible polyurethane foam in the shock isolation of prototype

structures.
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EXPERIMENTAL DATA
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Appendix B

DESCRIPTION OF SAND

B. I uR•kAu-SIZE ANALYSIS

The sand used in the experiments was a uniform Ottawa sand. A

grain-size analysis showed that all sand particles pass through the No. Z0

sieve and that the smallest particles are retained by the No. 200 sieve.

The measured grain-size distribution is shown in Fig. B-i. The grains

appear spherical in shape; their specific gravity is 2. 64; and the angle of

internal friction ($), which depends on the relative density, was determined

to be 36' in a triaxial compression test, a reasonable midrange value for

Ottawa sand (32V < $ < 420).

B.Z WATER CONTENT

Water-content tests, which were performed at various times throughout

the program, showed a variation of water in the sand from 0 to 0. 4%. This

indicates that the water content can be attributed to the normal moisture

content of the air in the test cell.

B. 3 DENSITY MEASUREMENTS

A maximum density of the sand was obtained by vibrating the sand in

a container oi known volume. After 6 min of vibration a maximum density

of 111.4 lb/ft was obtained. For this measurement, the table frequency was

500 cps at an amplitude of 0. 0005 in. A minimum density of 95. 10 lb/ft' was

obtained by pouring the sand frorr a fixed height into a container of known

volum e.

The sand bed was initially filled with 160 bags of sand, having an

estimated average density of 108.8 lb/ft3 . This figure is considered

unreliable, however, since inadvertantly only the weight of 10 bags was

determined.

In-place density measuremtnts were made at various positions in the

bed. This was accomplished by carefully removing a volume of sand frorn

the interior of a stovepipe sunk into the sand bed. The weight of this sand

B-i



was determined through weighing, and its in-place volume was found by filling

the excavated stovepipe with a calibrated sand. The apparatus used is shown

in Fig. B-2. In-place density measurements obtained throughout the bed

after the usual vibration and bed preparation (Section 3.4) varied from

107.3 lb/ft3 to 110.2 lb/ft3 . These correspond, respective!y, to relative

densities in the range of 77. 3% to 93. 7%.

Now that the experimental technique has been developed, any future

testing should see an increased number of these measurements (both in

time and space) in order to obtain a more detailed picture of the density

distribution.

B-Z
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Figure B-Z In-place density apparatua.
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Appendix G

ETT)_MARY OF SOLUTIONS TO CONTROL MODEL EQUATIONS

C. I COSINE STRESS PULSE

Let the incident stress pulse have the form

)'at (l - cos pt) . . 0 t a TT/p

0 . . . t P271/p

L

Then Eq 4. 26 has as its solution,

= ( Y 1 0 (C-avlmP (G-2)

Two cases are considered, nam.rny, 1

Case 1 16

Casel It -- I

Case 1I: 4 1I

~4~l

m . M 1ai~r - 1 i~ - '

Sk4li sin(i I 4 xX-i) C-3}

k2
9 in(Yr" + 0)

I We do not consider explicitly the critically damped case A•- 1

C-I



7F+_ 84.C -•• xi• .01) +

÷i 1(•j) k 3  ;in{;A -- - )i exp[ ( -i )] (C

where

•"= p/w

01 arc taa(P!/-)8)

02 20 1 z.
03 -arc tun(2/30) - arc tanL/z

z4 arc tan r--arc tan2b -

Ll --2 1

05 a arc tan . A,7 j

"k I -"2)+ 4/ 2,•-

(II

k LYI( ZA)h?()

Case II: ," I

(T) +-- G, exp(-a_.) - c 2 oxp(-bZ) +.

(C -5)+G3 cosit- G 4 sin t

v7r + GS P [-a(,-- )j ,a 6 exPb - (C --6)

C- 2



b

GU (4• ? , ap , • 1) - b,,, 1 •, ,-YG](ba)

G, ~(4/? - tb,6- 1) a(G -t- 1) +'G 4 /(b-a)

G -- 1) /4 )

a[J(Vj) + b'j?(I,') -~ 11b/P Y1 I(b-a)

C. 2 TRIANGULAR STRJ1SS PULSE

Let the incident stress pulse have the form

[0- t1 . 0 1 t ,

(1-l(t) a Z%(2 - t/t1) . t1 4 t ztI (C -7)

0. t - zt

Then Eq 4.26 has as its solution,

13
whr•r for ;)> I

I aa)./xp(bt b. exp(at rZ -C-9&)

We do not consider explicitly the cases I

C-3



SK, exp(aZI + K2 exp(bli 2 K T/*~ K Cb

K 5 exp(a1) + K 6 exp(bt) + T, I 2' (C-9c)

anid wAdiere

IdK~ ~7(t)-K2bexp(br,) +- -Kr 1I/ 1(~2j

-a K3 ?A 2 t aK 4 - 1 /,6]exp(..b-i)

N K3  1 14#?j

1 K4  j12

I [b~2 ~ -~l ~7(Ztj-) - brtj/ ZA exp (Zatj)I(b -a)

I K6 =[-a7(Zrp t 7 Zr,) + ar,1ýexp (-2b?jo)/(b-a)

c-4
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